. Firstyear survival in the greenhouse was 92% to 98% except for momi fir (83%). The percentage of grafted plants with orthotropic shoots was 92% to 98%, except for Korean (81%) and momi fir (86%). Plants were subsequently established in replicated field experiments on three sites in the piedmont and mountains of North Carolina. In general, leader elongation of grafted Fraser fir scions was greater than leader growth on nongrafted transplants, including Fraser fir. Differences in survival appear to reflect interspecific variation in resistance to phytophthora root rot and/or tolerance of warm environments. Grafting may offer the potential to grow Abies Christmas trees on previously unsuitable sites, or to reclaim or continue using sites already seriously impacted by root rot.
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Fraser fir (Abies fraseri) is an important
Christmas tree species in the United States. It is native to higher elevations of mountains in western North Carolina, eastern Tennessee and southwestern Virginia. Most cultivated Christmas tree plantations in North Carolina occur at elevations of 900-1400 m, well below elevations of natural stands (Thor et al., 1962; Torbert and Nichols, 1991) .
Recently, two problems have aroused interest in grafting Fraser fir onto rootstocks of other Abies species. First, phytophthora root rot (caused by Phytophthora cinnamomi Rands.), has become more prevalent on some Fraser fir sites (Benson and Grand, 2000) . Once present, it often damages or destroys a significant portion of the stand, sometimes leading to abandonment of fields which would otherwise be good sites for Christmas trees. The ability to graft Fraser fir scions onto resistant rootstocks might allow continued use of infested sites, or reduce the likelihood that the disease might develop. Momi fir (A. firma) and Turkish fir (A. bornmuelleriana ) are good momi, Nordmann, and Turkish fir for potential use as Christmas trees, especially on sites unsuitable for Fraser fir.
Materials and Methods
Rootstocks. Seedlings of Canaan, Fraser, Nordmann, Korean, and Turkish fir (provenances unknown) were purchased as 1-0 tubelings in mid-Apr. 1997. They were replanted into Ray Leach Super Cells TM (volume = 164 cm 3 ) (Stuewe & Sons, Corvallis, Ore.), using a composted pine bark substrate, and maintained under 50% shade lath throughout 1997 and early 1998. In May 1998, plants were transferred into larger containers (7 × 7 × 23 cm, deep tree planting bands) (Anderson Die & Mfg. Co., Portland, Ore.), using composted pine bark substrate, and were placed into a greenhouse where they remained during 1998 and 1999.
Owing to problems with the watering system, many Fraser firs died or were injured during fall and winter 1997-98. To ensure healthy plants for the grafting experiment in spring of 1999, 300 bare-root Fraser firs (3 years as a seedling, 1 year as a transplant) were dug from a western North Carolina nursery in early Sept. 1998. They were similar in height to the original containerized plants, but had slightly larger stem caliper. Transplants were planted into Anderson planting bands (7 × 7 × 23 cm), using composted pine bark, and placed into the greenhouse. Fraser fir produces much of its root growth in the fall, so planting in August or early September allows plants to become well established prior to winter (Hinesley, 1985) . Plants of all species were overwintered in a greenhouse set at a minimum of 2 °C.
Momi (Benson et al., 1998a (Benson et al., , 1998b Hinesley et al., 2000) . Among these species, all except momi fir make good Christmas trees. Momi fir has stiff, sharp, prickly needles, and a light green color, but appears to have the most resistance to root rot.
A second motive for grafting Fraser fir onto other rootstock species is interest in finding or developing Abies species for Christmas tree production on warmer, lower elevation sites where Abies species, particularly Fraser fir, do not currently survive or grow in commercial plantings. Experience suggests that momi fir and Nordmann fir might be adaptable in the piedmont and coastal plain of North Carolina. Canaan, Korean, Nordmann, and Turkish fir are also likely candidates. To succeed at lower elevations, a species must tolerate climate and soils considerably warmer than in the mountains. Resistance to phytophthora root rot likely also plays an important role. The pathogen is favored by soil temperatures higher than optimum for growth of Fraser fir (Hinesley, 1981; Reynolds et al., 1985) .
Abies species are relatively easy to graft (Tompkins, 1989; Williams, 1995) . The North Carolina Forest Service routinely grafts onto to 5-year-old Fraser fir transplants, with at least 95% success. Preliminary grafts of Fraser fir onto momi fir have worked, but some grafts developed symptoms of incompatibility (Hinesley, unpublished) . Our objective was to determine the feasibility of grafting Fraser fir onto rootstocks of Canaan, Fraser, Korean, from 1100 large 3-year-old Fraser fir seedlings (source: Roan Mt., N.C.) at the Linville River Nursery (N.C. Forest Service) in Crossnore. Shoots averaged about 15 cm long and 4 to 5 mm in diameter. They were sealed in plastic bags, stored on ice, transported to Raleigh, and placed into a 0 °C cold room.
Grafting. Grafting was carried out 19-24 Mar. 1999. Buds were swelling and beginning to break when grafting was initiated 19 Apr. 1999.
Cleft grafts (Hartman et al., 1990) were made by clipping out the terminal bud cluster on the leader (primary axis), and making a vertical cut (parallel to stem axis) 2 to 3 cm long in the middle of the stem, using a sharp, clean grafting knife. Fraser fir scions of similar diameter were shortened to 6 to 8 cm, and cut with a grafting knife to gradually taper on the lower 2-3 cm. Scions were inserted into the vertical slit previously made in the terminal, taking care to match rootstock and scion cambia on at least one side of the graft. Graft unions were wrapped with either a grafting rubber or Parafilm TM strips (1 cm wide × 5 to 10 cm long), and coated with hot wax. The number of grafts for each fir species was as follows: Canaan (200), Fraser (200), Korean (100), momi (100), Nordmann (200), and Turkish (200). Nongrafted plants (controls) were maintained for comparisons in the greenhouse, and in field experiments. Grafting was done by three persons, taking care to have each person do about the same number of grafts for each species.
Experimental design. Grafted plants were held in plastic trays (13 bands per tray; 5 rows × 5 columns; alternate bands empty on a checkerboard pattern), and placed on greenhouse benches where they remained during the 1999 growing season. Within a tray, plants were grafted by the same person. Trays containing grafts and nongrafted plants of each species were randomized across four greenhouse benches.
Measurements and data analysis. After the first growing season (Oct. 1999), the following measurements were made on each plant: 1) survival (alive = 1, dead = 0); 2) leader diameter 1 cm above the graft union, or 1 cm above the top whorl of branches for nongrafted plants, 3) leader elongation (cm), and 4) and leader orientation (orthotropic = 1, plagiotropic or bent = 0).
Analyses of variance (SAS Institute, 1989) were performed for seedlings and grafts for each trait using "species" and "tray(species)" as sources of variation. The "tray(species)" effects were used as the error terms in constructing the F tests for "species" effects. Analyses for binomial data were performed using tray means, resulting in a reduced model. These data were also transformed using the arcsin square root transformation, but nontransformed data are reported. For seedlings, differences between species means were tested using the Waller-Duncan k ratio t test (P ≤ 0.05). For grafts, the Fraser fir seedlings were included in the analyses as a control, and compared with rootstock species using Dunnett's t test (P ≤ 0.05).
Sites in the field. Three sites were selected: 1) Raleigh, N.C. (Wake Co.), 2) Alleghany Co., and 3) Laurel Springs, N.C. (Ashe Co.). The Wake Co. site, located on the Lake Wheeler Research Lab (N.C. State Univ.) in the central Piedmont, was ≈90 m above sea level, with an Appling fine sandy loam, and would not ordinarily be used for production of Abies Christmas trees. The Alleghany Co. site was located in the mountains of northwestern North Carolina (elevation ≈900 m; soil = Watauga). Two years before initiation of this experiment, it was cleared by bulldozing. The first planting experienced heavy mortality largely due to phytophthora root rot. Our experiment was installed 2 years after the initial planting. The Ashe Co. site (2 nd rotation for Fraser fir) was located at the N.C. State Univ. Upper Mountain Research Station in Laurel Springs, N.C. (elevation ≈1000 m; soil = Watauga loam). The Alleghany and Ashe Co. sites were both within a region of heavy Fraser fir Christmas tree production.
Replicated experiments were established on each site, using seedling stock as well as grafted stock. There were 12 treatments, consisting of six Abies species (not grafted) and six rootstock species grafted with Fraser fir scions. A replication consisted of 12 contiguous planting spots, one for each of the 12 treatments. Tree spacing was 1.5 m in the row, and 1.5 m between rows. The Wake Co. site had 30 replications (reps), but owing to lack of plants, some treatments were missing from reps 19-30. All 25 reps were complete in Ashe Co., and the Alleghany site had 15 full reps out of 30.
The Wake Co. site was planted on 29 Oct. 1999, using shovels and dibble bars. Alleghany and Ashe Co. sites were similarly planted in mid-Mar. 2000. Standard cultural practices were used on all sites. In addition, the Wake Co. site was also irrigated, as needed, during summer and fall.
Survival and leader elongation were measured at each site during March and April 2001. Separate analyses for grafted and nongrafted plants were carried out with GLM (SAS Inst., 1989), and means separated using the Waller-Duncan k ratio t test (P ≤ 0.05).
Results
Seedlings in the greenhouse. Survival, leader length, and shoot orientation differed significantly (P ≤ 0.01 ) among species. Survival of nongrafted seedlings was 98%, except for momi fir (95%) ( Table 1) . Fraser and Korean fir seedlings had the largest stem diameters, with Canaan and momi fir intermediate, and Turkish and Nordmann fir the smallest. Canaan, momi, and Fraser fir had the longest leaders; Turkish and Nordmann fir the shortest. Of nongrafted seedlings, 93% to 98% had orthotropic shoots after one growing season.
Grafts in the greenhouse. Graft survival during the first year was 92% to 98% for all species except momi fir (83%) ( Table 1 ). Significant rootstock species effects occurred for stem diameter, but no Dunnett's test was performed because diameters were measured at different locations on the grafts and seedling controls.
The percentage of Fraser fir scions with orthotropic terminal shoots was 94% to 97% on Canaan, Fraser, Nordmann, and Turkish fir rootstocks-similar to that of nongrafted Fraser fir seedlings (98%) ( Table 1) . However, Korean and momi fir rootstocks produced a significantly lower percentage of vertical terminal shoots (81% and 86%, respectively), compared to controls. Fraser fir scions produced longer leaders on Canaan and momi fir rootstocks (10.8 and 10.4 cm, respectively), compared to Fraser fir seedlings (8.8 cm) (Table 1) .
Results in the field. First-year survival in Alleghany Co. was 53% to 80% except for momi fir (>95%), and survival of grafts was slightly less than nongrafted controls. In Ashe Co., a better site, survival was >98% except for Fraser fir grafts (79%) ( Table 2 ). In most cases, leader elongation of grafted scions was also greater than for nongrafted controls. This difference was negligible for grafted Fraser fir in Ashe, but significant in Alleghany Co.
In Wake County, first-year survival of momi fir, Nordmann fir, and Turkish fir was 70% to 87% both for grafted and nongrafted plants (Table 2 ). Only 10% of the Fraser firs survived the first year, compared to 23% to 27% of the Korean and Canaan fir. In general, leader elongation was greater for grafted scions than for nongrafted controls, even for Fraser fir.
Discussion
This is a long-term experiment involving a preparatory phase (acquisition and growth of containerized stock plants), a greenhouse phase (grafting + one growing season), and a field phase (replicated studies on three sites). Despite some weaknesses, there are several useful and valid conclusions.
Fraser fir was easily grafted onto rootstocks of other Abies species, and survival on all rootstocks except momi fir was ≥92% during the first year in the greenhouse (Table 1) . Reduced survival for momi fir rootstocks probably resulted because many plants were small and more difficult to graft. Despite that, survival of momi fir was among the highest observed during the first year in the field (Table 2) .
In the greenhouse, rootstock species affected traits of Fraser fir scions, but not the same for all species (Table 1) . A positive effect was that Canaan fir rootstocks increased leader length of Fraser fir scions, compared to nongrafted Fraser fir seedlings. A negative result was that a lower percentage of leaders were vertical (orthotropic) on momi fir rootstocks.
Although size and vigor of the rootstock can influence subsequent growth and morphology of scions (Copes, 1980) , there was no clear evidence of that in this study, at the species level. For example, Canaan, Fraser, and Korean fir rootstocks were initially the tallest prior to grafting, yet first-year leader elongation of Fraser fir scions on those rootstocks was not obviously different from that of momi, Turkish, and Nordmann fir rootstocks (Table 1 ). In the greenhouse, shoot elongation of Fraser fir was similar on grafted plants and nongrafted controls, indicating that the grafting procedure itself did not adversely affect growth the first year. In the field, however, results were somewhat unexpected, given that leader elongation of Fraser fir grafts was greater on two of the three sites, compared to nongrafted controls (Table 2) . The difference in leader elongation, for which we have no explanation, was >100% on the Wake County site. In addition, elongation of Fraser fir scions grafted onto other Abies species, in most cases, was greater than the leader elongation of nongrafted controls of the same species ( Table  2) .
As expected, most of the Fraser firs (90%) died the first year in the field at the piedmont site in Wake County. In North Carolina, people have long debated why Fraser fir survives and grows poorly on piedmont and coastal plain sites. Earlier thinking was that the species could not withstand high air and soil temperatures during the summer. However, research and experience has shown that Fraser fir can tolerate warm temperatures in greenhouses and soilless mixes (Hinesley, 1981) , especially if it experiences cool nights. In a second hypothesis, high soil and air temperatures, combined with extreme susceptibility of Fraser fir to phytophthora root rot, creates conditions that usually result in early mortality under field conditions. High temperatures, when combined with warm nights, are stressful to Fraser fir, and greatly reduce growth (Hinesley, 1981) . In addition, warm soil temperatures favor the pathogen, particularly when combined with moist or wet soils during the growing season (Reynolds et al., 1985) . This hypothesis was one motivation for embarking on research to identify Abies species with more resistance to root rot than Fraser fir (Benson et al., 1998a (Benson et al., , 1998b Hinesley et al., 2000) .
Survival of various Abies species on the Wake County site mirrored results obtained with controlled inoculations of Abies seedlings with Phytophthora cinnamomi (Benson et al., 1998a (Benson et al., , 1998b Hinesley et al., 2000) . In those studies, Fraser fir died quickly, followed by slower mortality of other species. Among the species tested, momi fir was most resistant, followed by Turkish and Nordmann fir. In the current experiments, only 10% of the Fraser fir survived the first year in the field in Wake County. In contrast, survival of momi fir, Turkish fir, and Nordmann fir transplants was 83% to 87%, compared to 70% to 80% for grafted plants. No attempt was made to isolate pathogens from roots.
The Alleghany and Ashe County sites had similar climate and elevation, but the Alleghany site was probably a better indicator of potential rootstock differences under adverse conditions. On the Alleghany site, 53% of the Fraser fir grafts survived the first year, compared to 95% for momi fir, and 73% for Canaan fir and Turkish fir (Table 2) . On the Ashe site, survival was >96% except for Fraser fir grafts (79%), but we have no explanation for this difference.
In these experiments, grafting success was high, and first-year survival in the field was good enough to warrant further investigation. Observations will continue to determine longterm performance of grafted and nongrafted plants of various Abies species. Grafting is biologically feasible, but the economic feasibility remains to be determined. Results offer hope that suitable rootstocks can be utilized to successfully introduce and grow Abies Christmas trees on sites generally regarded as too warm for Fraser fir. In addition, it might also allow continued use of sites already affected by phytophthora root rot in the traditional production areas at higher elevations in the mountains of North Carolina. Finally, cloning exceptional Fraser fir Christmas trees by grafting might be justified if there were sufficient improvement in the growth rate and quality of resulting plants. x Diameter of leader (two directions) 1 cm above the top whorl of branches (nongrafted); above union (grafted). w New leader from the scion on grafted plants; natural leader on nongrafted plants. v Percentage of leaders that were vertical and straight (orthotropic; no abnormal curvature). 
